We report experimental observations of the vapor pressure isotope effect, including 33 S/ 32 S and 34 S/ 32 S ratios, for SF 6 ice between 137 and 173 K. The temporal evolution of observed fractionations, mass-balance of reactants and products, and reversal of the fractionation at one temperature (155 K) are consistent with a subset of our experiments having reached or closely approached thermodynamic equilibrium. That equilibrium involves a reversed vapor pressure isotope effect; i.e., vapor is between 2& and 3& higher in 34 S/ 32 S than co-existing ice, with the difference increasing with decreasing temperature. At the explored temperatures, the apparent equilibrium fractionation of 33 S/ 32 S ratios is 0.551 ± 0.010 times that for 34 S/ 32 S ratioshigher than the canonical ratio expected for mass dependent thermodynamic fractionations ($0.515). Two experiments examining exchange between adsorbed and vapor SF 6 suggest the sorbate-vapor fractionation at 180-188 K is similar to that for ice-vapor at $150 K. In contrast, the liquid-vapor fractionation at 228-300 K is negligibly small ($0.1& for 34 S/ 32 S; the mass law is ill defined due to the low amplitude of fractionation). We hypothesize that the observed vapor pressure isotope for SF 6 ice and sorbate is controlled by commonly understood effects of isotopic substitution on vibrational energies of molecules, but leads to both an exotic mass law and reversed fractionation due to the competition between isotope effects on intramolecular vibrations, which promote heavy isotope enrichment in vapor, and isotope effects on intermolecular (lattice) vibrations, which promote heavy isotope enrichment in ice. This explanation implies that a variety of naturally important compounds having diverse modes of vibration (i.e., varying greatly in frequency and particularly, reduced mass) could potentially exhibit similarly non-canonical mass laws for S and O isotope fractionations. We examined this hypothesis using a density function model of SF 6 vapor and lattice dynamic model of SF 6(ice) . These models support the direction of the measured vapor pressure isotope effect, but do not quantitatively agree with the magnitude of the fractionation and poorly match the phonon spectrum of SF 6 ice. A strict test of our hypothesis must await a more sophisticated model of the isotopic dependence of the phonon spectrum of SF 6 ice.
INTRODUCTION
Most terrestrial materials exhibit well-defined relationships between fractionations of two or more independent isotope ratios of a given element (e.g., the 17 Hulston and Thode, 1965; Robert et al., 1992) . These relationships generally resemble those predicted for equilibrium vibrational isotope effects, which follow a relatively simple, exponential functional form. For example, the following equation describes the expected relationships among fractionations of the sulfur isotopes, 32 S/ 32 S fractionation factors (e.g., the 33 S/ 32 S ratio of one material divided by that of another) and k 33/34 is a constant describing the functional dependence of the fractionation on isotopic mass.
The term 'mass dependent fractionation' is commonly used to describe fractionations that follow a functional form similar to Eq. (1), and where the exponent, k, exhibits a relatively simple relationship to isotopic mass, predictable from principles of statistical thermodynamics or, for diffusive or gravitational fractionations, the kinetic theory of gases (e.g., Bigeleisen and Mayer, 1947; Hulston and Thode, 1965; Robert et al., 1992; Farquhar and Wing, 2003; Otake et al., 2008; Luz et al., 2009 i.e., the size of the fractionation is a relatively simple function of the mass differences among the isotopic variants of the diffusing gas molecules (Gibbs, 1928) . Similar expressions describe the predicted mass laws of many irreversible chemical reactions (Bigeleisen and Wolfsberg, 1958; Young et al., 2002) , except some photochemical and related gas phase reactions (Weston, 2006 , and references therein); similar mass laws are also expected for gravitational separation (Gibbs, 1928; Grachev and Severinghaus, 2003) .
Isotopic fractionations that violate one of these nominally mass-dependent fractionation laws are generally referred to as mass-independent. The strictest definition of mass-independent fractionations is that they involve fractionations of two or more isotope ratios that show no relationship between the magnitude of fractionation and isotopic mass difference; for example, the oxygen isotope fractionation during ozone formation is characterized by k 17/18 = 1 (Thiemens and Heidenreich, 1983) . This nomenclature is misleading when applied to mass-dependent fractionations that happen to have mass exponents that differ from common expectations. Here we will use the term 'non-canonical' to refer to mass laws that arise from mass-dependent chemical physics but differ from commonly assumed mass-dependent laws.
Several mechanisms for generating non-canonical mass laws are recognized, most of which involve photochemical reactions and/or nuclear effects restricted to radical species or very high-mass nuclides (Turro, 1983; Bigeleisen, 1996; Clayton, 2002; Weston, 2006; Oduro, 2011) ; none of these mechanisms should apply to isotopes of low-and moderate-mass elements (H, C, O, S, etc.) undergoing condensed-phase reactions in which no participating species is a radical. An exception to this expectation is a recent theoretical model , which argues that in systems containing weak bonds (e.g., sorption) at relatively high temperature ($300°C), isotope effects on bond vibration energy can lead to fractionations that differ markedly in mass law from canonical predictions for isotope exchange equilibria. This hypothesis was critiqued in a subsequent paper (Balan et al., 2009) , which suggested the Lasaga et al. hypothesis was based on a truncation error in the mathematics used to describe equilibrium fractionations.
Though there is an extensive literature documenting the empirical behaviors of mass exponents describing differences in O and S isotope compositions of natural materials or complex experiments (e.g., Oduro et al., 2011) , there remain relatively few studies that examine whether specific equilibrium fractionations follow their expected simple mass-dependent laws (perhaps the best studied case is the water vapor pressure isotope effect; Van Hook, 1968; Luz et al., 2009) . Moreover, several recent observations suggest that condensed-phase chemical reactions can lead to noncanonical mass laws for fractionations of O and S isotopes: CO 2 and metal oxides (e.g., CaO, MgO) produced by calcining carbonate minerals (e.g., calcite, dolomite ; Miller et al., 2002) exhibit systematic non-canonical, possibly even mass-independent, oxygen isotope fractionations with respect to each other. Similarly, Watanabe et al. (2009) and Oduro et al. (2011) present isotopic analyses of reduced sulfur evolved by heating mixtures of sulfate salts, amino acids, and water. The products of these experiments exhibit non-canonical mass laws for S isotope fractionations with respect to their starting materials. However, in both of these studies, the examined reactions likely involved more than one step, making it challenging to isolate the mass law of any one fractionating process (Oduro et al., 2011) . It is not clear whether either of these experiments demonstrates a novel fractionation mechanism that violates common expectations of mass-dependent isotopic fractionation.
We present the results of a set of experiments designed to test the hypothesis that thermodynamically controlled isotope exchange equilibria can lead to non-canonical mass laws for S isotope fractionations. We focus our attention on the vapor pressure isotope effect for various condensed forms of SF 6 (principally ice, but also including several experiments on liquid and adsorbed SF 6 ). This system was chosen for several reasons: SF 6 is an analyte for the most precise method of sulfur isotope analysis (gas source isotope ratio mass spectrometry), and therefore we can analyze the products of our experiments without the potentially confounding problem of fractionations associated with chemical processing of analytes; the vapor pressure isotope effect has been studied extensively, and so our experimental design and interpretation of results can be placed in the well-established context of past work (Jansco and Van Hook, 1974 and references therein) . Finally, SF 6 is a nonpolar, symmetric molecule in which only a single isotopic substitution is possible (in the S position; i.e., because F is monoisotopic), and that substitution occurs in the center of the molecule. Similar systems, such as 13 C/ 12 C fractionations for CH 4 , CCl 4 and CO 2 or 11 B/ 10 B fractionations for BF 3 , are known to exhibit reversed vapor-pressure isotope effects (i.e., high-mass isotopologues have higher vapor pressures than low-mass isotopologues) because of the interplay between isotope effects on intermolecular and intramolecular vibrational and rotational energies (Grootes et al., 1969; Jansco and Van Hook, 1974; Eiler et al., 2000) . Similar interplay between inter-and intra-molecular energetics may play a role in creating non-canonical mass laws for vapor pressure isotope effects for the H:D:T and 12 C: 13 C: 14 C systems (Kotaka et al., 1992 ; see Section 4). Thus, there are reasons to suspect that SF 6 is a candidate for exhibiting vapor pressure isotope fractionations with a non-canonical mass law.
METHODS
The experimental methods and equipment employed in this study are adapted from previous vapor pressure isotope effect studies of CO 2 (Eiler et al., 2000; Rahn and Eiler, 2001) . The general goals of our methodology are to determine the equilibrium (i.e., thermodynamically controlled) fractionation between vapor and a condensed phase by demonstrating that the measured fractionation is both time-independent and bracketed (i.e., the same equilibrium state can be reached or closely approached from two or more different initial states), and that this condition can be achieved in a system that conforms to isotopic mass balance (i.e., there are no unaccounted isotopic reservoirs in the experiment). Experimentally measured fractionations that meet these criteria can be relatively confidently interpreted as equilibrium phenomena (Chacko et al., 2001) . Fig. 1 schematically illustrates the vacuum apparatus used for the experiments reported here. All components other than the variable-temperature cryostat and the liquid reservoir are made of Pyrex glass with Teflon Young's valves. The variable-temperature trap was purchased from APD Cryogenics . The liquid reservoir is constructed of 37 mm OD, 1 mm-walled stainless steel tubing, 55 mm long, that is connected to the rest of the vacuum line via a 120 cm long, 12 mm OD, 1 mm thick tubing (and can be isolated from the rest of the vacuum line through a stainless steel bellows valve). The reservoir in which adsorbed SF 6 is condensed is a glass tube filled with 0.1 lm alumina powder to act as a high-surface area sorption substrate. Pressures within the glass portion of the vacuum line were measured with a Baratron gauge (calibrated with est. 0.1 mbar accuracy based on the previously measured vapor pressure curve of SF 6 ice; Hurly et al., 2000) and, at lower precision, two Thermistor vacuum gauges. The system was evacuated with an oil diffusion pump backed with a 2-stage rotary pump and achieved baseline pressures of $10 À6 mbar.
Four different kinds of experiments were conducted:
(1) Procedural blanks: Gas was expanded into the variable-temperature trap at temperatures and pressures that should not lead to condensation of SF 6 (either 300 K and 62 mbar or 220 K and 26 mbar). After 30 min, a valve was closed to isolate the vapor inside the trap volume from vapor outside that trap, and the two aliquots were recovered from the vacuum line and analyzed for their isotopic composition. These experiments were conducted to examine whether vapor could be moved and stored throughout the vacuum apparatus-with and without temperature gradients (e.g., Sun and Bao, 2011a,b)-without fractionation when no condensed form of SF 6 was present. (2) Diffusion: Gas was expanded into a portion of the vacuum apparatus and then gradually admitted into another, previously evacuated, portion by opening a valve just enough to permit slow leakage across the seal. The valve was then tightly shut when a large Vapor was left in contact with the condensed phase for a defined period of time, varying from a few seconds to several days, after which the trap containing the condensed phase was isolated by closing a valve. The trap was warmed to fully vaporize the trapped condensate, and the two fractions (vapor and condensate) were collected separately for isotopic analysis. The SF 6 recovered from the condensate trap always contained a small amount (up to a few per cent, relative) of SF 6 vapor that was in the interior volume of the trap when it was isolated; therefore, isotopic compositions of condensates are calculated by making a small correction to their measured composition to remove contributions from cocollected vapor. This calculation is based on the known volume of the trap and the known pressure and isotopic composition of vapor at the end of the experiment (which is recovered without contamination by condensate in the vapor fraction). This correction is too small and well-constrained to lead to a significant artifact in the mass law we estimate for equilibrium vapor pressure isotope effects (below). (4) Reversal: Reversal experiments generally follow the methods of synthesis experiments but with the following changes: First, experiments #20-22 followed condensation protocols different from synthesis experiments: in experiments #20-21 the gas was exposed to the trap at room temperature and then the trap was gradually (over tens of minutes) cooled to 155 K; in experiment 22 gas was quantitatively condensed in the trap at 100 K and then trap was gradually warmed (again, over tens of minutes) to 173 K to establish a stable vapor pressure. This was done in an effort to promote growth of high-surface-area ice. In all cases, after the condensate (always ice) had grown and the vapor pressure stabilized, the trap containing the condensate was isolated from vapor by closing a valve. The vapor reservoir was then fully evacuated and re-filled with SF 6 vapor of a markedly different isotopic composition, to very nearly the same pressure (generally within a few %, relative) as the stable equilibrium pressure. The valve separating the new vapor from the previously grown condensate reservoir was then opened, allowing isotopic exchange between the two phases. The experiment then proceeded as for a synthesis experiment. We could not precisely evaluate mass balance for these experiments because the two reservoirs of SF 6 differed greatly in isotopic composition and mixing proportions of old and new vapor were not sufficiently well controlled. Therefore, our evaluations of mass balance focus on synthesis experiments, where the system remains nominally closed throughout the experiment.
Most experiments conducted over the course of this study were ice synthesis experiments or reversal experiments in which the condensed phase was SF 6 ice. A subset of ice synthesis and reversal experiments were conducted with the cold trap filled with silica sand in another attempt to promote growth of high-surface-area ice. These experiments occurred in the solid SF 6 stability field and the fast rate of condensation differed markedly from adsorption experiments; we conclude that ice, rather than adsorbed SF 6 , was grown on the silica sand in these experiments.
All starting gases and experimental run products were analyzed in the IPGP laboratory for stable isotope geochemistry (Paris) by dual inlet gas source isotope ratio mass spectrometry using a Thermo irms-253. All gases used in the present study were high purity grade (i.e., nominally >99.999% pure). In particular, we found no evidence that our in-house reference gas contained impurities such as C 3 F 6 , a fragment of which can yield an isobaric interference at m/z = 131. S CDT = 1.648&). The stable isotope laboratory at the IPG-Paris has examined a wide range of natural samples and interlaboratory standards to establish the accuracy with which our mass spectrometric measurements reproduce the mass laws expected for common natural fractionation processes (i.e., the 'terrestrial mass fractionation line'). These measurements yielded a slope of 0.51593 in a plot of d 33 S * vs. d 34 S * (where d x S * = 10 3 lnd x S/1000 + 1), see Hulston and Thode, 1965; Miller et al., 2002) . This slope compares with the canonical value of 0.515 commonly used to interpret sulfur isotope measurements of terrestrial materials (though predicted mass exponents for equilibrium fractionations are expected to vary by up to $1-2%, relative, about this value, depending on temperature and the reduced mass and frequencies of relevant bond vibrations; e.g., Otake et al., (2008) . Table 1 reports the isotopic compositions of all experimental run products analyzed in this study. Where a condensate fraction was collected with a small proportion of vapor from the trap headspace, the composition reported in Table 1 reflects the corrected composition of condensate alone (i.e., after removing the contribution from co-collected vapor). The correction is smaller than 0.4& in d 34 S in all cases and was negligible (<<0.1&) for experiments #16, 17, 19 and 20 (note that experiment 20 is particularly significant because it demonstrates that our protocol can achieve a reversible equilibrium). The mass exponent (k 33/ 34 ) calculated for each experiment is insensitive to this mass-balance correction (i.e., increasing or decreasing the size of this correction slightly changes the amplitude of inferred fractionations without significantly changing the inferred mass law of that fractionation).
RESULTS
In one experiment (#11 in Table 1 ), the total amount of SF 6 recovered from both the vapor and ice reservoirs was only 84% of the initial amount at the start of the experiment. A gas handling error is implied, possibly an unrecognized slow leak that gradually evacuated part of the sample, or a stuck valve that prevented recovery of vapor from a portion of the vacuum line. In any event we report the results of this experiment but distinguish it with a gray font in Table 1 and do not include it in any of our figures or consider it in any of our interpretations.
Vapor from one procedural blank experiment (63 mbar of SF 6 vapor exposed to the cold trap held at 300 K; Experiment 1 in Table 1 ) was recovered as a single aliquot (i.e., combining vapor inside and outside the trap) and yielded an isotopic composition within the range of compositions measured for aliquots of the DD-1 gas reservoir. This experiment simply demonstrates that there are no fractionating additions or losses of SF 6 (or contaminants that lead to isobaric interferences) that result from exposure to various parts of the vacuum line. Vapor from a second experiment of this type (26 mbar pressure and a trap held at 220 K; Experiment 2 in Table 1 ) was recovered as two separate aliquots ('trap' and 'vapor') . These two aliquots exhibit a relatively small fractionation with respect to each other (<0.1& in both d 33 S and d 34 S) and their weighted average is comparable to the initial value of the DD-1 gas reservoir used for the experiment. It is imaginable that this experiment exhibits a subtle fractionation due to the 80 K temperature gradient between the trap and the rest of the vacuum apparatus. We examine this possibility further when the mass laws of synthesis fractionations are discussed, below. In any event, we conclude that gases can be exposed to various components of our apparatus, including a chilled (but ice-undersaturated) trap, with fractionations in d 33 S and d
34
S that are small multiples of analytical precision (and, it will be shown, much smaller than fractionations resulting from exposure to condensed SF 6 ).
The diffusion experiment conducted at room temperature (Experiment 3 in Table 1 ) yielded similarly negligible (<0.05&) differences between diffused and residual gas for both d 33 S and d 34 S and a weighted average within the range of aliquots of the starting gas. While this fractionation is too small to yield a meaningful estimate of the exponent that characterizes the mass law for diffusive fractionation (i.e., its k 33/34 value), this result demonstrates that it is unlikely we generated significant isotopic fractionations through accidental diffusive losses of gas; i.e., this experiment re-enforces our conclusion that gases can be transferred through our apparatus with negligible fractionations provided no condensed phase of SF 6 is formed.
Synthesis experiments (Experiments 4 through 17 in Table 1) in which ice was grown exhibit a systematic dependence of the amplitude of the ice-vapor S isotope fractionation on both the duration of the experiment and the ice/vapor ratio (Figs. 2 and 3) . Experiment 4, which lasted 10 s (i.e., the vapor and condensate were isolated from one another immediately after pressure stabilized) exhibits negligible (<0.05&) ice-vapor fractionations for d 33 S and d 34 S, indicating that the process of ice growth from vapor involves no significant fractionations. For all experiments in which ice was substantially more abundant than vapor (by a factor of $5 or more), the ice-vapor fractionation increased monotonically over a period of $ 1 h, and then remained nearly constant for all longer durations examined in our experiments (out to 90 h; Fig. 2 ). For all experiments lasting 1 h or longer (i.e., long enough to have reached the time-invariant period in Fig. 2) , there is an increase in the measured fractionation with increasing proportion of ice (Fig. 3) . We have evaluated the isotopic mass balance of all synthesis experiments by calculating the weighted average composition of the vapor and condensate fractions of each experiment ( ## Fractional approach of an ice reversal experiment to the time-invariant fractionation of ice-rich synthesis experiments at the same temperature. ** Note fractionation reflects imperfect equilibration of DD-2 vapor with ice grown from DD-1. reservoir that was used for all synthesis experiments. This result suggests that we have accurately corrected the compositions of condensates to account for the small amount of co-collected vapor in the headspace of the trap.
The behaviors we observe for ice synthesis experiments closely resemble results from a previous study of the vapor pressure isotope effect for CO 2 ice (Eiler et al., 2000) . We suggest a similar interpretation, i.e., that equilibrium between vapor and the surfaces of ice crystals (extending to some unknown but presumably shallow depth) is rapidon the time scale of an hour. Because solid state diffusion is generally slow at the temperatures of our experiments, we suggest that the mechanism of this exchange is steady state exchange of vapor with a surface layer of the ice, where no net growth or sublimation of ice is occurring but the residence time of any one molecule in the near-surface of the condensed phase is short (though doubtless a detailed model of the kinetics of such processes would need to consider ice crystal size, porosity, the relative rates of surface exchange and volume diffusion, and perhaps other issues). In this case, the equilibrium ice-vapor fractionation can be attained quickly, but will only be observed at its full magnitude when the amount of exchangeable (presumably near-surface) ice substantially exceeds the amount of vapor. This is because the condensate recovered from the trap at the end of the experiment is a mixture of exchangeable condensate and non-exchangeable condensate (presumably the interiors of ice crystals). If the exchangeable reservoir is relatively small compared to vapor, the exchangeable condensate reservoir will change significantly from its initial composition due to exchange with vapor, but that change will not be observed because of dilution by unexchangeable ice.
It would be difficult to confidently establish what fraction of the ice reservoir is exchangeable based on synthesis experiments alone, and it may vary from experiment to experiment. A reasonable approximation might be made by extrapolating the trend of data for synthesis experiments in Fig. 3 to proportions of ice approaching 1; on this basis, experiments with more than $85% of the SF 6 as ice would appear to come within $10%, relative, of the ice-vapor equilibrium. An additional constraint can be found in our attempts to reverse the ice-vapor fractionation through 'reversal experiments' (the fourth protocol described above). If the same ice-vapor fractionation is observed in both a synthesis and reversal experiment conducted under the same conditions, we can be confident that we are , for synthesis experiments conducted at 150 or 155 K and having more than 85% of the SF 6 in the system as ice (i.e., 15% or less as vapor), plotted vs. the duration of the experiment. Note that experiments differ in fraction of ice and temperature, both factors that contribute to variations in fractionation at a given time (Figs. 3 and 4) . Fractionations are negligible immediately after ice has condensed from vapor, grow to $2.2& over a period of 1 h (see inset), and then remain near this value for up to 90 h. The arrow on the right side of the main panel indicates the direction of approach to the time-independent value of reversal experiments, and the head of the arrow lies at the fractionation reached by Experiment 20 (6780 min duration). Experiment 11, which failed to recover all of the SF 6 introduced to the apparatus at the beginning of the experiment, has been excluded. , for synthesis experiments conducted between 141 and 160 K and lasting 1 h or more, plotted vs. the fraction of SF 6 in the system as ice (i.e., moles of SF 6 ice divided by the sum of moles of SF 6 ice and vapor). Note that experiments differ in temperature, which can contribute to variations in fractionation at a given time (Fig. 4) ; it is also possible that some of the experiments conducted for 60 min had not quite reached the time-independent fractionation (Fig. 2) . Fractionations increase with increasing fraction of ice, though this dependence is a small proportion of the overall fractionation when the fraction of ice exceeds $85%. The arrow on the right side of this figure indicates the direction from which reversal experiments at 155 K approached this time-independent value, with the head of the arrow sitting at the ice content and fractionation reached by Experiment 20 (99.7% ice). Experiment 11, which failed to recover all of the SF 6 introduced to the apparatus at the beginning of the experiment, has been excluded. achieving sufficiently ice-rich conditions that the vapor is effectively buffered by the reservoir of exchangeable ice without significantly modifying the composition of that reservoir. Our reversal protocol involves exposing pre-formed ice grown from the DD-1 vapor reservoir to a vapor reservoir composed of DD-2 vapor. The DD-2 reservoir is $17.5& lower in d 34 S than the vapor in equilibrium with the DD-1 reservoir. Thus these experiments present a stringent test of reversal; i.e., we will only observe a fractionation within 0. S DD2 is the composition of the DD2 gas reservoir (see Table 1 ). By this criterion, experiment 20 fully reverses (100% equilibration) synthesis experiments done at 155 K, experiments 19 and 21 achieved only 89% equilibration, and the relatively ice-poor reversal experiment 18 reached only 75% equilibration. We conclude that, though it is challenging to produce enough exchangeable ice to fully (better than 99%) reverse an experiment, this is possible and has been achieved at 155 K. We cannot make such an estimate for experiment 22 because there is no accompanying synthesis experiment done at exactly the same temperature (173 K).
The failure of experiments 18, 19 and 21 to achieve a full reversal of the 155 K synthesis fractionation presumably reflects the large isotopic contrast between the DD-1 and DD-2 reservoirs and the low fraction of ice that is exchangeable. Nevertheless, it is clear that synthesis experiments in which 85% or more of the SF 6 is ice also closely approximate the reversible fractionation achieved in Experiment 20 (Fig. 3) . We suggest that these synthesis experiments also usefully constrain the equilibrium fractionation (though some of these could under-estimate the magnitude of that fractionation because of differences in composition between exchangeable and non-exchangeable ice). Before including these data in our discussion of equilibrium fractionations, it is important to consider the effect of mixing unexchanged and exchanged ice on the amplitude and mass law of observed fractionations: Consider the case where the true equilibrium ice-vapor fractionation in 34 S/ 32 S ratio (1000Álna 34 ) is exactly 2.2& and is characterized by a mass exponent (k 33/34 ) of exactly 0.5500 (i.e., like the reversed equilibrium at 155 K seen in experiments 16 and 20). If this equilibrium occurred in a system composed of 85% ice and 15% vapor, and if only 50% of that ice were exchangeable, then the measured ice-vapor fractionation would be 1.913& and the measured k 33/34 would be 0.5500. Given that measured fractionations vary little among experiments containing between 85% and 100% ice, this example likely presents an extreme case. We conclude that if we include synthesis data from experiments having >85% ice, we will slightly under-estimate the amplitude of the ice-vapor fractionation but engender no meaningful error in its mass exponent.
All nominally equilibrated ice-vapor fractionations exhibit inverse vapor pressure isotope effects (i.e., condensate is poorer in heavy isotopes than vapor). All ice synthesis experiments lasting less than 1 h and/or having less than 85% of SF 6 as ice also exhibit inverse vapor pressure isotope effects, albeit lower in amplitude than the nominally equilibrated experiments (presumably because they have only partially approached the final, equilibrated state).
We conducted two sorbate synthesis experiments: one at 180 K and the other at 188 K (Experiments 23 and 24, respectively). These experiments were conducted by slowly (over several minutes) condensing SF 6 onto alumina powder at temperatures well above the freezing point of SF 6 , lasted 21 and 60 min, respectively, and were conducted at significantly different proportions of sorbate (i.e., adsorbed SF 6 ) vs. vapor (Table 1) . Despite these differences, the two experiments yielded essentially indistinguishable results. While a fuller exploration of these parameters would be required to be certain, this result suggests that the sorbate reservoir exchanges over a time scale comparable to or faster than the surface of ice (i.e., within an hour or less), and that, unlike ice, sorbate is fully exchangeable. Rahn and Eiler (2001) reached similar conclusions based on a more extensive study of the vapor pressure isotope effect of adsorbed CO 2 under conditions similar to the experiments reported here. The weighted average isotopic compositions of condensate and vapor in both experiments were closely similar to the accepted composition of the DD-1 reservoir of starting vapor. Both experiments yielded a significant inverse vapor pressure isotope effect; i.e., the sorbate-vapor fractionation broadly resembles the equilibrium ice-vapor fractionation (Fig. 4) .
The two liquid synthesis experiments (experiments 25, done at 300 K, and 26, done with the liquid reservoir at 228 K) yielded small fractionations of ca. 60.1& between liquid and vapor for both a 33 and a 34 . The weighted averages of condensate and vapor in both experiments were similar to the composition of the DD-1 reservoir of starting vapor. Taken at face value, these results imply a 'normal' vapor pressure isotope effect (i.e., liquid enriched in heavy isotopes) at 228 K and an inverse isotope effect at 300 K.; however, these fractionations are small multiples of analytical precision and we are not confident that they are well resolved from 0. We did not conduct time-series experiments for liquid synthesis or examine variations in the liquid/vapor ratio. However, given that liquids should be well-mixed by internal diffusion and convection over the time scales of our experiments, and based on our experience with ices and previous studies of liquid vapor pressure isotope effects (Jansco and Van Hook, 1974 , and references therein), we suspect that any experiment lasting $1 h or more should exhibit a liquid-vapor fractionation closely approximating equilibrium. Fig. 4 summarizes the results of all experiments discussed above, plotted in dimensions of 1000Áln(a 33 ) vs. 1000Áln(a 34 ); for reference, we plot lines corresponding to various values of k 33/34 , where a 33 = a 34 k 33/34 . All equilibrated ice synthesis and reversal experiments, all partially equilibrated ice synthesis experiments, and both sorbate synthesis experiments (which we also infer reached or closely approached equilibrium) closely conform to a single trend corresponding to a k 33/34 value 0.551. The result is consistent with a single mechanism of fractionation having a single mass exponent (i.e., there is no evidence that the mass exponent of the fractionation changes as the equilibrium condition is approached or as we change proportions of condensate and vapor). This value is significantly higher than the range of slopes expected for all recognized S isotope fractionations that follow a canonical mass-dependent process (dashed lines in Fig. 4 ; e.g., Otake et al., 2008) . Thus, the vapor pressure isotope effect for SF 6 ice appears to be non-canonical in its mass law, and the limited number of observations of vapor-sorbate systems suggests the same is true of adsorbed SF 6 .
DISCUSSION
The results we present for ice-vapor exchange experiments meet the criteria commonly used to establish whether an isotope exchange experiment has reached or closely approached thermodynamic equilibrium: the fractionations we observe are time-invariant, reversible (at least at 155 K, where the largest number of our experiments were done), and occur in systems that conform to mass balance (i.e., the weighted average of products equals that of reactants). Therefore, it seems reasonable to interpret these results in light of the chemical physics known to control equilibrium vapor pressure isotope effects. We have not demonstrated reversibility of the sorbate-vapor and liquid-vapor fractionations, but we comment on this more limited set of experiments where they are relevant to our general argument.
A conceptual model for the non-canonical mass law for the VPIE of SF 6
We propose that the non-canonical character of the mass law for the vapor pressure isotope effect for SF 6 ice and sorbate results from a combination of isotope effects on the vibrational energies of intermolecular bonds between adjacent SF 6 molecules in condensate (i.e., lattice modes in ice) and isotope effects on the vibrational energies of intramolecular S-F bonds within the SF 6 molecule in both vapor and condensate. These two classes of bonds differ in several respects: The intermolecular bonds arise from dipole-dipole coupling, are relatively weak ($1 N/m), and the vibrating species is a relatively large (146 amu), internally rigid molecule (Salvi and Schettino, 1979; Firanescu et al., 2008) . The intramolecular vibrations, in contrast, involve stiff covalent bonds (typically force constants of $ hundreds of N/m; Thornton and Rex, 1993) and the vibrating species (S and F) have relatively low reduced mass.
To illustrate this point, consider the case in which we adopt the expression describing the mass laws of equilibrium fractionations in the high temperature limit Young et al., 2002) and use this expression to calculate separate k values associated with the intra-and intermolecular vibrations. This treatment is clearly inaccurate in detail both because intra and intermolecular motions are not independent in condensed phases and because the high temperature limit does not apply to the low temperature conditions of our experiments. Nevertheless, this expression provides a simple basis for illustrating the relationship between reduced mass and mass law. In this case, the isotope effects acting on intermolecular vibrations (i.e., treating each SF 6 group as an internally rigid point mass) will lead to fractionations having k 33/34 values of $0.503, whereas k 33/34 values for isotopic fractionations driven by intramolecular vibrations will be $0.513-similar to the canonical value often used to describe equilibrium fractionations. A key point is that the mass law of a fractionation that combines both of these effects can take on other values, possibly higher or lower than either, depending on whether inter-and intramolecular vibrational isotope effects drive fractionations of the same or different sign (see schematic illustration in Fig. 5 ). If these two factors have the same sign (e.g., if both promote concentration of heavy isotopes in condensate relative to vapor), then the k 33/34 value of the net fractionation will lie between 0.503 and 0.513 (Fig. 5a ). However, if these two factors act in opposite directions (e.g., if intermolecular, or lattice, vibrational isotope effects promote concentration of heavy isotopes in the condensate whereas intramolecular vibrational isotope effects promote concentration of heavy isotopes in vapor), then the k 33/34 value of the resulting net fractionation can take on a wider range of values, depending on the relative magnitudes of these two factors (Fig. 5b) . Note we discuss these modes of vibration as if their energies were independent as a simplifying rhetorical device; a quantitative treatment of such problems must consider the fact that the presence of lattice modes influences the intramolecular vibrations and vice versa.
Intermolecular vibrations generally promote concentration of heavy isotopes into condensates because heavy isotopic substitution reduces frequencies of these vibrations, stabilizing the condensate, and there is no competing effect in the vapor (i.e., because vapor lacks stable intermolecular bonds; note that the hindrance of rotational modes in liquids can be an exception to this generalization; Jansco and Van Hook, 1974) . In contrast, molecular ices and liquids commonly exhibit decreases in frequencies of intramolecular vibrations relative to vapor (Jansco and Van Hook, Fig. 5 . Illustration of the net fractionations that result from combination of two components that differ significantly in k 33/34 value. Panel (a) illustrates the case in which two component terms have k 33/34 values of 0.505 and 0.515, respectively, and involve fractionations having the same sign. In this case, the net fractionation will be relatively large (i.e., because the two components work in the same direction), and the net k 33/34 value will be the weighted average of the two components. Panel (b) illustrates the case in which the two components have these same k 33/34 values (0.505 and 0.515) but involve fractionations of opposite sign. In this case, the net fractionation is relatively small (because the smaller of the fractionations partially cancels the larger), but the net k 33/34 value can take on values outside of the range defined by the two components.
1974). In SF 6 ice, in particular, there are modes of vibration that are generally similar in frequency to m 3 and m 4 in vapor, and thus could be thought of as approximating intramolecular vibrations in the molecular ice, but are significantly lower in frequency than m 3 and m 4 in vapor (compare the measured m 3 and m 4 frequencies in Tables 2 and 3 ; increases in frequency of some other frequencies in ice is more subtle and has no influence on isotopic fractionation because the central S atom in SF 6 is stationary relative to the molecular center of mass for the m 1 , m 2 , m 5 and m 6 modes; Shurvell and Bernstein, 1969; Salvi and Schettino, 1979; McDowell and Krohn, 1986; Boudon et al., 2006) . Thus, intramolecular bonds in SF 6 vapor have higher frequencies of vibration than broadly equivalent modes in ice for the modes that influence isotopic fractionation. This effect, considered in isolation, will promote concentration of heavy isotopes into vapor because the decrease in free energy associated with heavy isotope substitution scales with vibration frequency when all other factors are constant. That is, the zero point energy change (DZPE) under the harmonic oscillator approximation is:
i.e., for a given reduced mass, higher frequency corresponds to higher change in frequency, and thus higher energy change, on isotopic substitution. Thus, spectroscopic data and simple physical reasoning suggest that intermolecular and intramolecular contributions to equilibrium S isotope fractionations between SF 6 ice and vapor are opposite in sign; i.e., we should expect that the net fractionation could take on a non-canonical mass law (as in Fig. 5b ). We attempted to evaluate this hypothesis further through statistical thermodynamic models based on the modeled vibrational properties of SF 6 vapor and ice and their dependences on isotopic compositions. The results of these models support some elements of our hypothesismost importantly, the reversed vapor pressure isotope effect for SF 6 ice-but fails in two important (and perhaps related) respects: the predicted phonon spectrum of ice disagrees with that measured by Raman spectroscopy; and the amplitude of the predicted fractionation is about an order of magnitude larger than that observed in our experiments. We suspect these errors reflect uncertainties and simplifications in our models of the solid phonon spectrum (and possibly also simplifications in our treatment of vibrational isotope effects in the vapor). Regardless, these models do not usefully support or disprove our hypothesis, which depends upon a relatively subtle effect of nearly canceling isotope effects on intra-and inter-molecular vibrations (i.e., any model that strongly miss-calculates the relative sizes of these two terms should fail to reveal the resulting exotic mass law we predict). Nevertheless, our efforts may serve as a starting point for more sophisticated and complete models of this and related systems; so we present this work in the Supplementary Information file.
Experimental artifacts?
Despite the evidence that many of our experiments closely approached or achieved equilibrium, we also consider several potential experimental and analytical artifacts that might compromise our interpretations. First, it is important to note that our experiments involved exchange of condensate in a cold trap with a vapor reservoir interconnected with a room-temperature reservoir. Thus, the vapor is exposed to a temperature gradient, so it is possible that there is isotopic fractionation due to thermal diffusion (i.e., a Chase et al. (1985) . Salvi and Schettino (1979); including only bands assigned to fundamental modes, including lattice modes.
fractionation whereby heavy isotopologues gravitate toward a cold region and light isotopologues toward a hot region in a temperature gradient; Gibbs, 1928) . Such effects form the basis of the 15 N paleothermometer in N 2 trapped in glacial ice (Severinghaus et al., 1998) and have been studied in the laboratory (Grachev and Severinghaus, 2003) . A recent study of gas-phase fractionations of O 2 and SF 6 in a temperature gradient found non-canonical mass laws (Sun and Bao, 2011a,b) , though the fractionations they observed appear to have been time-varying, possibly non-equilibrium effects. We estimate the Rayleigh number of the gas phase under the conditions of our experiments is on the order of 10 2 -10 3 , a transitional regime in which it is unclear whether vapor convection will erase compositional gradients. It is imaginable that our observations reflect the combined influences of a large reversed vapor pressure isotope effect having a canonical mass law and a thermal diffusion fractionation that is opposite in sign (i.e., heavy isotopes go into the cold trap) and somewhat lower slope. Such a combined fractionation might resemble, at least topologically, the argument presented in Fig. 5 .
However, it can be shown relatively easily that this scenario is implausible because it requires a large (several per mil) thermal diffusion fractionation, inconsistent with our demonstration in Experiment 2 that thermal diffusion is negligible in our apparatus (at least over the pressures and time scales of our experiments). For example, the measured net ice-vapor fractionation observed in our experiments could be produced if the thermal diffusion fractionation had a magnitude equal to the Knudsen diffusion fractionation for SF 6 vapor and a mass law following the kinetic theory of gases: a 33 = 1.00342, a 34 = 1.00683 and k = 0.5017 (where a is the isotope ratio of the cold end divided by the isotope ratio of the hot end of the temperature gradient). If this were combined with a vapor pressure isotope effect having a 33 = 0.9952, a 34 = 0.9907, and k = 0.515, the net fractionation (a net = a VPIE Â a thermal diffusion ) would be consistent with our experimental observations at 155 K. However, we observe a negligibly small fractionation (a 34 6 1.0001) when vapor is exposed to an 80 K temperature gradient in the absence of condensed SF 6 (Experiment 2, Table 1 ). It is implausible that the thermal diffusion fractionation could go from negligible to quite large with such a modest proportional increase in temperature gradient. Similarly, it is not possible to match our experimental observations by combining any vapor pressure isotope effect having a canonical mass law with a thermal diffusion fractionation equal to that we measured in Experiment 2.
A more general alternative interpretation of our results is that the net fractionations we observed were actually the combination of two or more fractionations that might have differed in sign and/or mass law, such that their combined effect mimicked a single fractionation having a noncanonical mass law (again, in a way topologically resembling Fig. 5 but consisting of two or more separate fractionation mechanisms rather than two or more vibrational modes of a single equilibrium fractionation). This is a reasonable interpretation of several recent experiments that found non-canonical mass laws for fractionations exhibited by the products of complex, multi-stage (and apparently kinetically controlled) reactions (Miller et al., 2002; Watanabe et al., 2009; Oduro et al., 2011) . However, all of the data for ice-vapor and sorbate-vapor fractionations in Fig. 4 conform to a single slope (i.e., they are consistent with a single mass exponent)-even for experiments that failed to exhibit the full equilibrium (i.e., reversible) fractionation, either because the experiment was too short in duration or had too small of a fraction of SF 6 as ice. Only under fortuitous circumstances would two or more fractionations that differ in mass law combine to create a constant mass law across a significant range of net fractionations (i.e., just the right balance of relative and absolute amounts of each reaction). Perhaps this cannot be disproven, but it strikes us an implausible explanation.
Alternate causes of non-canonical VPIE's
A variety of physical mechanisms have been proposed to explain non-canonical (including mass-independent) fractionations. We conclude our discussion by considering whether any other than the one we have proposed could be causes of the non-canonical fractionation we observe for the ice-vapor and sorbate-vapor vapor pressure isotope effects of SF 6 .
Perhaps the best studied non-canonical mass laws for isotopic fractionations involve photolysis or other photochemical reactions (Weston, 2006 and references therein). However, our experimental setup lacked any light source in the frequency range capable of photolysis of SF 6 or production of photochemical reactants (e.g., O 1D ). Furthermore, the time independence, reversibility, and mass balance of our experiments indicate we did not observe the effects of a fractionating loss of sulfur to a photochemical (or other) sink.
Nuclear volume effects can exhibit a range of mass exponents that include non-canonical mass laws (Bigeleisen, 1996) . However, these effects are generally only significant for the very heavy elements (e.g., U). A recent evaluation of such effects for sulfur predicts them be on the order of 0.02& per AMU or smaller (Schauble, 2007) -2 orders of magnitude smaller than the fractionations observed in our experiments.
Nuclear spin effects, or coupling between nuclear and electron spin (also sometimes referred to as 'magnetic isotope effects'), can potentially lead to non-canonical fractionations when one of the isotopes involved has an odd mass number (i.e., 33 S; Turro, 1983) . These effects generally are expected in chemical systems in which the radical pair mechanism is involved in an irreversible, photo-chemically excited reaction (e.g., Oduro et al., 2011) . SF 6 is a closedshell species (i.e., it has no unpaired electrons), so it is difficult to imagine how nuclear spin effects could have contributed to the fractionations we observe. It is worth noting that SF 6 is unusual in that it has a 'hypervalent' or 'hypercoordinated' electronic structure, consisting of three three-center-4-electron ('3c-4e') bonds (Musher, 1969) . Given the limited amount of work that has been done on magnetic isotope effects, it is worth considering whether such unusual electronic structures could permit magnetic isotope effects even in closed-shell species. Never-theless, because the sulfur bonding environments in condensate and vapor phases in our experiments are similar (i.e., all are SF 6 ), it is difficult to imagine how a magnetic isotope effect, even if it existed in some heterogeneous reactions involving decomposition of SF 6 , could have driven the vapor pressure isotope effects we observe. Lasaga et al. (2008) suggest that isotope effects on vibrational frequencies of weak bonds can, under certain circumstances, create a mass filter in which bound and unbound populations exhibit non-canonical (even mass-independent) isotopic fractionations with respect to one another. If correct, this theory provides a quantum-mechanical mechanism, beyond that contained in the Urey-Bigeleisen quantum mechanical theory, by which thermodynamically controlled isotope exchange equilibria could mimic the non-canonical mass laws that are conventionally interpreted as photochemical in origin. More recently, Balan et al. (2009) argue that this model makes a truncation error that is responsible for the predicted non-canonical effects and that no such effects are actually expected to accompany sorption.
The chemical physics of the mechanism we invoke to explain the experimental data presented here might appear, superficially, analogous to that presented in Lasaga et al. (2008) . However, there is an important distinction between these hypotheses: Lasaga et al. (2008) suggested that the physics of a quantum oscillator can lead to non-canonical behavior under specific conditions-even for the simplest case of a point mass undergoing a single mode of harmonic oscillation. We instead suggest that even when the physics of an oscillator is well described by standard theory, the combination of two or more modes of vibration-each of which, in isolation, would follow canonical mass dependence-can produce a non-canonical mass law for the net fractionation.
In any event, there are several inconsistencies between our results and the Lasaga et al. (2008) hypothesis. First, that hypothesis does not predict the existence of vapor pressure isotope effects that are 'reversed' (i.e., where the ratio of heavy to light isotopes in the vapor is higher than that in the condensed phase), as we observe. Second, the effect Lasaga describes should only operate at elevated temperatures ($500 K), where a significant proportion of the population of adsorbed molecules is in a high vibrational quantum state. At the temperatures of our ice-vapor and adsorbate-vapor experiments (137-188 K), essentially all intermolecular bonds should be in low-quantum number vibrational states. For example, given a condensate bond energy of 0.25 eV, (broadly within the range of intermolecular bonds in molecular ices and consistent with the latent heat of sublimation of SF 6 ice; Ohta et al., 1994) and an assumed temperature of 150 K, one expects 20 bound vibrational states, in which 98.7% of all bonds will be in the N = 0, 1, or 2 states and 0.00058% of bonds will be in the N = 10-19 states (calculated using the model of Balan et al., 2009 ). We observe no significant variation in mass exponent between 137 and 188 K, whereas the Lasaga hypothesis predicts that the mass exponent should be temperature-dependent in the temperature range where masslaw anomalies first appear. Finally, we find no evidence for the existence of the exceptional non-canonical exponents (k 33/34 equal to À1 or 1) predicted by Lasaga et al. (2008) for some systems.
Broader implications and conclusions
Recent discussion regarding the definition and meaning of mass-dependent and mass-independent isotopic fractionations has been largely framed by the predicted mass laws for relatively simple chemical and physical fractionation mechanisms, such as the vibrational energy of the harmonic oscillator and the kinetic theory of gases (Young et al., 2002; Otake et al., 2008) . Our results present a challenge to this paradigm; i.e., idealized or simplified forms of these theories are inadequate for understanding our experimental results, even though the case we have examined is a relatively straightforward thermodynamic phenomenon (the vapor pressure isotope effect of a small, symmetric molecule).
The chemical physics literature provides precedence for our results and hypothesized explanation. Non-canonical mass laws have been observed in hydrogen isotope exchange equilibria (i.e., non-canonical k T/D values) among H 2 , hydrogen halides, and methane, and more subtle but similar non-canonical fractionations of 14 C/ 13 C/ 12 C ratios have been observed in the vapor pressure isotope effect of liquid methane (Jansco and Van Hook, 1974 , and references therein). It has been argued that non-canonical mass laws in these systems arise when fractionations undergo a temperature-dependent 'crossover' (i.e., the fractionation has one sign at high temperature and a different sign at lower temperature; e.g., Stern and Vogel, 1971; Weston, 1973; Skaron and Wolfsberg, 1980; Kotaka et al., 1992; Horita and Wesolowski, 1994; Deines, 2003) . A non-canonical fractionation in such systems can arise because the crossover temperature for one isotope ratio (e.g., D/H) differs from that for another isotope ratio (e.g., T/H), causing the slope in a a D vs. a T diagram to rotate sharply as the fractionations pass through 0.
In the narrowest descriptions of this phenomenon (e.g., Deines, 2003) , non-canonical mass laws occur only over a narrow range in temperature (approximately a few degrees) on either side of the crossover temperatures (i.e., the temperatures at which the sign of the fractionation changes) and vary strongly in mass exponent with temperature. However, these non-canonical mass laws can also occur in systems that lack a crossover. Kotaka et al. (1992) demonstrate that any exchange equilibrium involving large variations in reduced mass can exhibit a non-canonical mass exponent. For example, for H 2 -HX exchange equilibria (where X is a halogen), non-canonical mass laws occur because the proportional change in reduced mass for H/D vs. H/T exchange differs between molecular hydrogen and hydrogen-halides; as a result, D/H fractionations exhibit markedly different temperature dependences than T/H fractionations, and at moderate temperature (typically 200-500 K), non-canonical effects can be observed, even when there is no nearby temperature-dependent crossover. The vapor pressure isotope effects of H 2 and CH 4 also exhibit non-canonical mass laws that arise because rotational-vibrational coupling in the liquid (Bigeleisen et al., 1967) leads to a dependence of the heat of vaporization on molecular moments of inertia (which differ between heteronuclear species, like HD, HT and DT, and homonuclear species, like H 2 , D 2 and T 2 ). Finally, it is recognized that molecular polarizabilities can change on isotopic substitution, leading to an isotopic dependence of the force constants of intermolecular bonds (Wolfsberg, 1963; Grootes et al., 1969) . This factor also has potential to lead to non-canonical mass laws; in fact, it is possible that this phenomenon contributes to the mass law we observe for the SF 6 vapor pressure isotope effect.
The collective weight of these past studies and our present study suggest there is significant potential for noncanonical mass laws for isotopic fractionations during 'conventional' chemical reactions (i.e., thermodynamic equilibria and irreversible reactions in which fractionations are driven by vibrational isotope effects). An open question is whether non-canonical mass laws of this kind occur in nature and impact geochemical records (e.g., the 17 O anomalies of atmospheric O 2 or H 2 O or the 33 S anomalies of sulfides and sulfates). We suggest several guidelines for searching for such examples. First, we suspect that non-canonical mass laws analogous to the SF 6 vapor pressure isotope effect will generally involve low-amplitude overall isotope fractionations (i.e., a few per mil difference in d
18 O or d 34 S between reactants and products). This is because the greatest opportunity for non-canonical mass laws will arise when two or more vibrational isotope effects that influence the same reaction have opposite sign and partially cancel one another. However, we note that the H/D/T isotopologues of water exhibit large variations in the mass law of their vapor pressure isotope effect when the D/H ratio fractionation is tens of per mil. Systems that exhibit temperature-dependent crossovers (e.g., the oxygen isotope fractionations between water and magnetite, hematite, goethite, and albite; e.g., Yapp, 1990) are obvious places to look, as are reactions that exhibit peculiar temperature dependencies-another indicator that the net observed fractionation reflects the balance of two or more competing vibrational terms. In addition, there are classes of fractionations that are not well explored by previous experiments but that might be expected to exhibit non-canonical behaviors based on the molecular structures of participating species. Instances in which reactions occur without breaking the bonds between the isotopic species of interest and its immediate neighbors are particularly attractive, because the effect of isotopic mass on reaction rate or equilibrium constant will be indirect (i.e., a sort of secondary isotope effect) and could involve several modes of molecular vibration that differ from one another in reduced mass. Enzymatic reactions may be particularly attractive targets because of the large sizes and complex vibrational energetics of reactive sites. Other attractive targets include fractionations involving dissolution or outgassing of volatile gases (e.g., dimethyl sulfide and its relatives) from seawater (i.e., solvation/desolvation of species in which sulfur is shielded from surrounding water molecules). While it is possible that noncanonical mass laws of this kind exist for elements other than O and S (e.g., Si, Ca, Fe, etc.) , isotopic fractionations in these systems are small, and it would be challenging to observe the mass laws with sufficient precision to recognize a non-canonical mass law.
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